III −OOH is found to be highly dependent on both the ionization potential and the C−H bond strength of the substrate. LS Fe III −OOH is found to be more effective in H-atom abstraction for strong C−H bonds, while the higher reduction potential of HS Fe III −OOH allows it to be active in electrophilic reactions without the requirement of O−O bond cleavage. This is relevant to the Rieske dioxygenases, which are proposed to use a HS Fe III −OOH to catalyze cis-dihydroxylation of a wide range of aromatic compounds.
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INTRODUCTION
Mononuclear nonheme iron enzymes catalyze a wide range of chemical reactions that are important in medical, pharmaceutical, and environmental applications. 1−5 Within this broad class, bleomycin, extradiol dioxygenases, pterin-dependent hydroxylases, α-KG-dependent dioxygenases, and Rieske dioxygenases utilize an Fe II site to activate O 2 for attack on substrates. Among these enzymes, Fe III −hydroperoxo species are observed and proposed to be key intermediates in the catalytic cycles of bleomycin and Rieske dioxygenases. 6−11 Bleomycins are a family of glycopeptide antibiotics that exhibit high intrinsic anticancer cytotoxicity, which is due to their ability to effect single-and double-strand cleavage of DNA.
12−16 DNA strand scission is initiated by abstraction of the C-4′ hydrogen atom from the backbone deoxyribose sugar by an Fe III −hydroperoxo intermediate termed activated bleomycin (ABLM). 17, 18 From nuclear resonance vibrational spectroscopy (NRVS), ABLM is a low-spin (LS) S = 1/2 Fe III species with an end-on hydroperoxo ligand. 8 Recent real-time kinetic studies using circular dichroism determined that DNA accelerates the decay of ABLM, supporting a mechanism that involves direct H-atom abstraction by ABLM. 6 DFT calculations of the reaction of ABLM with DNA show that direct Hatom abstraction by LS Fe III −OOH is thermodynamically and kinetically favored over other proposed reaction pathways (e.g., heterolytic O−O cleavage to form a P450 compound I-like species). 7, 8 The Rieske dioxygenases catalyze stereo-and regiospecific electrophilic cis-dihydroxylation of aromatic compounds as the first step in the metabolism of aromatic compounds by bacteria. 19 Crystal structures of two Fe III −(hydro)peroxo intermediates have been reported. 9, 11 A third one has been characterized by EPR 23 Combination of resonance Raman, Fe K-edge XAS, and DFT calculations defined this to be a five-coordinate species with the hydroperoxo ligand syn to the methyl groups of the TMC ligand (see Figure 1) . 23 In the present study, we performed low-temperature Abs, magnetic circular dichroism (MCD) 2+ and xanthene were calculated by comparing k 2 values obtained from H-atom abstraction reactions of xanthene and that of xanthene-d 2 in a solvent mixture of acetone and trifluoroethanol (3:1 v/v). Reactions were run at least in triplicate, and data reported represent the average of these reactions.
2.3. Spectroscopic Methods. X-band EPR spectra were collected on a Bruker EMX spectrometer with Bruker ER 041XG microwave bridges and ER 4102ST/ER 5106QT cavities. Spectra were collected at temperatures between 3.8 and 50 K using an Oxford ITC503 temperature controller with an SR 900 continuous flow cryostat. Lowtemperature UV−vis Abs spectra were taken on a Cary 500 spectrometer equipped with a Janis Research Super Vari-temp helium cryogenic dewar at 7 K. MCD spectra were taken on a Jasco J-810D spectropolarimeter equipped with an extended S20 photomultiplier tube and a SM-4000-7T superconducting magnet. VTVH MCD data were collected using a calibrated Cernox resistor (Lakeshore Cryogenics, calibrated 1.5−300 K) inserted into the sample cell to accurately measure the sample temperature. Resonance Raman spectra were obtained using a triple monochromator (Spex 1877 CP) with 1200, 1800, and 2400 grooves/mm holographic spectrograph gratings and Andor iDus and Newton CCD detectors cooled to −80°C. Excitation was provided by Kr (Coherent I90C−K) ion, Ar (Innova Sabre 25/7) ion, and Dye (Coherent 599 equipped with Rhodamine 6G) lasers with incident powers of ∼20 mW using an ∼135°b ackscattering configuration. Samples were prepared in d 6 -acetone with 5 mM Fe concentration in NMR tubes cooled to 77 K in a liquid nitrogen finger dewar (Wilmad). 18 O samples were used for resonance Raman profiling to avoid overlapping with solvent bands, and solvent peaks were used for internal standards. 2.4. Density Functional Calculations. Spin-unrestricted DFT calculations were performed with the Gaussian 09 package. 33 Geometry optimizations including transition state searches were performed using the hybrid density functional B3LYP with the 6-311G* basis set for Fe and the 6-311G basis set for all other atoms. Frequency calculations were done at the same level of theory to ensure true local minima with no negative eigenvalues and that transition states had one and only one negative eigenvalue. Single-point and time-dependent DFT calculations were done at the B3LYP/6-311+G** level of theory. Solvation effects were accounted for using the polarized continuum model (PCM) with acetone as the solvent. Figure 2 ) described by the spin Hamiltonian
where β is the Bohr magneton, g 0 is the free electronic g value, B ⃗ is the magnetic flux density, S ⃗ is the ground state total spin, and D and E are the axial and rhombic zero-field splitting parameters. 23 Simulation of the EPR spectrum gives a close to axial E/D value of 0.035, which is distinct from that of the rhombic HS Fe III −alkylperoxo complex, which was the first HS nonheme Fe III −OOR species that had been previously reported. 24, 35 In order to obtain the sign and magnitude of D, EPR data of the [(TMC)Fe III −OOH] 2+ complex were collected between 3.8 and 50 K under nonsaturating conditions. The temperature dependence of the relative intensity of the g = 6.8 signal is shown in the insert in Figure  2 . A Boltzmann fit of the data to the Curie law (eq 2,
where A is the relative intensity, C is the Curie constant, T is the absolute temperature, and k is the Boltzmann constant) gives a value of D = +1.6 ± 0. 2+ complex is given in Figure 3A . A broad band at λ max of 19 120 cm −1 (523 nm, ε ≈ 2100
) is observed. The absorption intensity increases to higher energy with no distinct feature. This spectrum is similar to that of the HS Fe 2+ complex is shown in Figure 3B . The main feature is the broad, intense band centered at ∼18 000 cm −1 . There is also a positive shoulder at ∼22 000 cm . The weak ∼13 000 cm −1 feature in Abs is clearly resolved in the MCD spectrum as a negative band. Three other weak features are also resolved in the energy region above ∼25 000 cm −1 . Simultaneous Gaussian fit of the Abs and MCD spectra resolves 6 bands, numbered in Figure 3A and summarized in Table 1 .
Variable-temperature variable-field (VTVH) MCD data were collected at the energies indicated by the arrows shown in Figure 3B to determine the polarizations of these bands. VTVH MCD isotherms are recorded across the 18 000 cm 
where N i is the temperature-dependent Boltzmann population, x, y, and z are the principle axes of the ZFS tensor, l x , l y , and l z are the direction cosines for the magnetic field relative to the molecular coordinate system, ⟨S x ⟩ i , ⟨S y ⟩ i , and ⟨S z ⟩ i are the spin expectation values for the ith ground sublevel in the defined coordinate, M if eff are the products of the i, j polarizations of electronic transitions, and γ is a collection of constants. A fit of the VTVH MCD intensity to eq 3 using the spin Hamiltonian parameters D and E/D obtained from the EPR data, insert in Figure 2 , allows effective transition moments M if eff to be obtained. These transition moments can then be used to obtain the polarization using eq 4; %y and %z are obtained from cyclic permutations of the indices. 
From analysis of the VTVH MCD data taken at 17 790 cm −1 , band 2 is dominantly z polarized (96% z and 4% x,y polarized), which is the same as band 1 of the HS Fe III −alkylperoxo complex. 24 From analysis of VTVH MCD data taken at 22 124 cm −1 , band 3 is dominantly x,y polarized (98% x,y and 2% z polarized). Figure 3A also contains the resonance Raman profiles for the ν(O−O) stretch at 868 cm −1 and ν(Fe−O) stretch at 658 cm −1 . These two modes are resonance enhanced by both bands 1 and 2 and have maximum enhancement between these two bands. Thus, the excited states of these electronic transitions distort mostly along the Fe−O and O−O bonds relative to the ground state. Therefore, bands 1 and 2 correspond to hydroperoxo to iron charge transfer transitions. The HS Fe III −alkylperoxo complex has its resonance Raman profiles corresponding only to the intense broad band, consistent with its lack of the lower energy band. 24 Since band 2 is z polarized and corresponds to the hydroperoxo to iron charge transfer, which is polarized along the Fe−O bond, the z axis of the ZFS tensor must be aligned with the Fe−OOH bond. This allows the coordinate system to be defined in Figure 1 2+ complex has a ground state of S = 5/2, all five α-spin d orbitals are occupied and all five β-spin d orbitals are unoccupied. As with the alkylperoxo ligand in ref 24 , the hydroperoxo only acts as a donor ligand; therefore, only the β-spin d orbitals can contribute to net bonding. These are given in the spin-unrestricted molecular orbital (MO) diagram in Figure 4 with boundary surface plots in Figure 5 . The coordinate system used is given in Figure 1 (z axis along the Fe−O bond, and y and x are in and perpendicular to the Fe− O−O plane, respectively, which bisects the equatorial L−M bonds).
We previously presented a detailed analysis of the electronic structure of a HS Fe III −alkylperoxo complex. 24 Since the [(TMC)Fe III −OOH] 2+ complex is similar, we only present a brief description here. The hydroperoxo ligand has two HOMO π* orbitals that have donor interactions with Fe d orbitals and contribute to the Fe−OOH bonding. The out-of-plane π v * orbital of the hydroperoxo interacts with the d xz orbital of the Fe in a π-type fashion. The resulting bonding orbital, π v *+d xz (β90), is the β-spin HOMO. Similar to the HS Fe III − alkylperoxo complex, the π v *+d xz (β90) orbital has 25% iron and 73% hydroperoxo character, indicating a very covalent π-donor bond. 24 The corresponding antibonding orbital, d xz −π v * (β93) (71% iron and 22% hydroperoxo), is unoccupied and the highest energy dπ orbital. The second π* orbital of the hydroperoxo (the in-plane π h *) interacts with the Fe d z 2 to form a σ-type bonding molecular orbital π h *+d z 2 (β86) (25% iron and 73% hydroperoxo character) and a corresponding antibonding orbital d z 2 −π h * (β94) (73% iron and 10% hydroperoxo). Note that the dσ d z 2 −π h * is only 0.46 eV higher than the dπ d xz −π v * orbital, which is small relative to that of the HS Fe III −alkylperoxo complex of 1.6 eV. 24 This reflects the lack of an axial ligand trans to the hydroperoxo ligand in the [(TMC)Fe III −OOH] 2+ complex, which results in a lower d z 2 orbital energy. There are four TMC σ-donor orbitals from combination of the four amine σ-donor orbitals with a 1 , b 1 , and e symmetries in approximate C 4v . The σ TMCb1 orbital interacts with the d xy orbital of Fe in a σ-donor fashion and forms the σ TMCb1 +d xy (β87) bonding and d xy −σ TMCb1 (β95) antibonding orbitals, the latter being at higher energy than the other dσ orbital (d z 2 −π h * (β94)). The β-spin LUMO is a dπ-type orbital, d yz +σ* (β91) (85% iron and 5% hydroperoxo). It is the 2+ complex in the coordinate system defined in Figure 1 . "a+b" and "a−b" notations mean bonding and antiboding molecular orbitals, respectively, between orbitals a and b, and a is the major component of the resulting molecular orbital. Figure 3A , the absorption spectrum of the [(TMC)Fe III − OOH]
2+ complex features an intense broad band at ∼19 120 cm −1 and a weak band on its low energy side at ∼13 000 cm Figure 3A ) is assigned to be the π v *+d xz → d xz −π v * CT transition. Transition D corresponds to a CT to the d z 2 orbital and is close in energy to C (CT to a dπ*-type orbital) due to the lower energy of the d z 2 orbital associated with the lack of axial ligand for this complex. Excitations E and F are two TMC to iron CT transitions, σ TMCb1 +d xy → d x 2 −y 2 (82% pure) (a σ bonding → nonbonding) and σ TMCe(1) → d x 2 −y 2 (49% mixed character) at 22 500 and 23 600 cm −1 , with predicted oscillator strengths of 0.0002 and 0.0052, respectively. These transitions are xy polarized consistent with VTVH MCD on band 3 in Figure 3D . At higher energy are other states corresponding to TMC and hydroperoxo π h *+d z 2 to iron CT transitions, which are summarized in Supporting Information Table S1 , consistent with the additional bands in Figure 3A .
In summary, the spectral data combined with TD DFT calculations on the [ 2+ complex reflects a particularly lowenergy CT to the d yz +σ* orbital and indicates the presence of a configuration interaction with the higher energy hydroperoxo σ* orbital which will provide significant insight into reactivity (vide infra). The density functional and basis set (geometric optimization by B3LYP/6-311g* for Fe, 6-311g for other atoms; single point by B3LYP/6-311+g** with solvent correction) used in these calculations reproduce well the geometric and electronic structure of the [ 24 The additional O−O bond homolysis barrier of HS systems is due to an allowed orbital crossing that originates from the noninteracting nature of the redox-active orbitals on the HS Fe III and the hydroperoxide. Alternatively, O−O bond homolytic cleavage of the LS system involves a forbidden orbital crossing that originates from the strong configuration interaction of the redox-active orbitals and thus has no additional barrier for this endergonic reaction. 24 It is important to note, however, that the product of [(TMC)Fe
homolysis is a 6C LS S = 1 Fe IV O species, and thus, a spin surface crossing must occur at some point in the reaction coordinate.
In 39 Kinetic parameters obtained are summarized in Table  2 . Arrhenius plots ( Figure S1 , Supporting Information) of the temperature-dependent kinetic data show that the activation energy E a of the O−O bond homolysis of the HS complex is slightly higher than that of the LS complex. The Eyring plots ( Figure S2, Supporting Information) 24 that the barrier on the HS PES is ∼10 kcal/mol higher than that of the LS PES, and, in fact, O−O bond homolysis does not occur on the HS PES. 24 The PESs in Figure 7 Figure 7B , the green arrow . In this region of the 2D surfaces, the IS PES is only ∼7 kcal/mol higher in energy and would provide a mechanism for second-order spin−orbit coupling between the HS and the LS states, which allows their crossing. After the HS to LS cross over, the system proceeds along the minimum energy path (mostly along the O−O coordinate, orange arrow in Figure 7C ) with an Fe−ACN distance of ∼2.1 Å ( Figure 7C) Figure S3 , Supporting Information) of the temperature-dependent kinetic data show that the activation energy E a of the H-atom abstraction of xanthene by the HS complex is 2.7 kcal/mol lower than that of the LS complex. From the Eyring plots ( Figure S4 , Supporting Information) of the temperature-dependent kinetic data, ΔG ‡ of the HS complex is 1 kcal/mol lower than that of the LS complex at 288 K, which is consistent with the fact that the HS complex has a higher second-order rate constant than that of the LS complex. . The DFT-predicted reaction coordinate with xanthene as the substrate on the S = 1/2 PES is shown in Figure 8A . The transition state is 17.5/ 18.3 kcal/mol (ΔH ‡ /ΔG ‡ ) higher in energy than the reactant complex, which is in reasonable agreement with the experimental result (13.9/18.4 kcal/mol), Table 3 . Products are predicted to be an S = 1 [(N4Py)Fe IV 
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2+ species, a H 2 O, and an S = 1/2 radical; the reaction is exothermic at −25.6/−27.6 kcal/mol (ΔH/ΔG). The calculated transition state has only one imaginary frequency and a vibrational motion associated with O−O bond cleavage and O−H bond formation (see Figure 8B ). Important structural and electronic properties of the reactant, transition state, and product are 2+ for H-atom abstraction on the S = 5/2, 3/2, and 1/2 (HS, IS, and LS) PESs, as shown in Figure 9A . The ground state of the reactant is HS, and the S = 5/2 transition state is lower in energy than the other two (S = 1/2 and 3/2) transition states. Therefore, in contrast to the O−O bond homolysis process, the H-atom abstraction reaction on the HS PES proceeds through the HS S = 5/2 transition state. For xanthene as a substrate, the S = 5/2 transition state is calculated to be 16.1/18.8 kcal/mol (ΔH ‡ /ΔG ‡ ) higher in energy than the reactant complex. The DFT-predicted ΔH ‡ value is ∼5 kcal/mol higher than the experimental value (11.2 kcal/mol, Table 3 Tables 4 and 5 ). The HS TMC TS has an O−O bond of 1.786 Å, which is much shorter than that of the LS N4Py TS (2.382 Å). According to the Mayer bond order, 41 the HS TMC O−O bond is ∼52% broken at the transition state, whereas the LS N4Py TS O−O bond is ∼83% broken. The C−H bond of xanthene in HS TMC TS is elongated from 1.098 to 1.170 Å, which is longer than that of the LS N4Py TS (1.118 Å). Again, according to Mayer bond order analysis, 41 the HS TMC TS C−H bond is ∼23% broken whereas the LS N4Py TS C−H bond is only ∼5% broken. The longer C−H bond in the HS TMC TS is consistent with the primary KIE values of 5.0 and 3.0 for HS and LS Fe III −OOH species, respectively (see Table 3 calculations (Figure 10 ) reveal that the 0.33 e − comes solely from the xanthene-based β-spin HOMO (β149, 99.6% xanthene) and is transferred into the Fe III −OOH-based β-spin LUMO (β150, 83.5% Fe and 9.3% OOH − , which is the d yz +σ* orbital). This β-spin LUMO is responsible for the lowenergy absorption band of the [(TMC)Fe III −OOH] 2+ complex in Figure 3A . In summary, the geometric and electronic structures of the transition states of HS TMC and LS N4Py are very different and imply different reaction coordinates, which will be discussed below.
The energies of the experimentally defined H-atom abstraction reaction products (e. 
2+ product is predicted to be the ground state, which is in agreement with experiment. 23 Thus, the system needs to cross from the S = 5/2 to the S = 1/2 PES, Figure 9A . Since after the transition state Fe IV O has an S = 2 electronic structure, its crossing to the S = 1 PES was evaluated. PES scans along the Fe−O coordinate 
2+ (average Fe− equatorial bond lengths of 2.09 vs 2.16 Å, respectively), we further surveyed the PESs for contraction along these coordinates, Figure S7C , Supporting Information, which demonstrates that the energies of the S = 2 and 1 [(TMC)Fe
IV O] 2+ species are indeed sensitive to one pair of Fe−equatorial ligand bonds, defined as Fe−eqB. Therefore, 2D PESs along both the Fe−O and the Fe−eqB coordinates were evaluated, Figure S7D , Supporting Information, and a reasonable reaction pathway is indicated by the black arrows. Starting from the transition state, the Fe−O bond contracts on the S = 2 PES. At short Fe−O and long Fe−eqB bond length, the system crosses from the S = 2 to the S = 1 PES via an allowed spin−orbit coupling and then proceeds to shorten the Fe−eqB coordinate on the S = 1 PES to form the LS product observed experimentally. 23 It is of interest to note that when the HS system is propagated past its TS, a HS S = 5/2 Fe III O product is observed that is at ∼−45 kcal/mol ( Figure S6 , Supporting Information), which represents an effective hydride abstraction reaction that is not observed experimentally. 23 The electronic structure of the HS TMC TS described above clearly shows an H-atom abstraction process. Therefore, a second electron transfer from the substrate follows an initial H-atom abstraction. A recent computational study of H-atom abstraction by HS S = 2 Fe IV O species observed an analogous second electron transfer. 42 For the HS Fe III −OOH system, the second electron transfer, which does not occur experimentally, can be attributed to the self-interaction error inherent in DFT when the system is positively charged. Figure 5 ), which undergoes configuration interaction with the higher energy hydroperoxo σ* orbital that further lowers its energy and also contributes to the higher reduction potential, Scheme 3A. Alternatively, the RAMO of the LS [(N4Py)Fe III −OOH] 2+ complex is a strong antibonding Fe dπ orbital (with the hydroperoxo π v *, Scheme 3B) and therefore higher in energy. 25 Figure S8 , Supporting Information) were chosen to test the substrate ionization potential dependence. These compounds are calculated to have very different ionization potentials (varying from 136.7 kcal/mol for xanthene to 148.1 kcal/mol for hexafluoroxanthene, Table S2 , Supporting Information) but with very similar C−H bond strengths (within 1.6 kcal/mol, Table S2 , Supporting Information). As shown in Figure 12 , the HS Fe III −OOH is more reactive (i.e., lower transition state energy) than the LS Fe III −OOH toward xanthene 0F, 1F, and 2F (substrates with low ionization potentials) but less reactive toward 3F, 4F, and 6F (substrates with high ionization potentials). Thus, the activation energies for H-atom (red dots) are independent of substrate ionization potential. These results are consistent with the model that e − transfer occurs in the HS TMC TS but not in the LS TMC TS. For xanthene as the substrate, its e − transfer to the Fe III −OOH has about a 6 kcal/mol stabilization effect on the HS TS, Table 6 .
Alternatively, to examine the dependence of reactivity on the strength of C−H bonds, the transition states of H-atom abstraction from xanthene and a dioxine derivative (4b,10a-dihydrobenzo[b]benzo [3, 4] cyclobuta[1,2-e] [1, 4] dioxine, abbreviated as dioxine, Figure S8 , Supporting Information) were evaluated. These compounds have very similar ionization potentials (1.3 kcal/mol from experiment 48 and 0.3 kcal/mol from calculation, Table S2 , Supporting Information) but are calculated to have very different C−H bond strengths (dioxine is 21 kcal/mol stronger than xanthene, Table S2, Supporting Information). As shown in 2+ , the activation energy is only slightly higher (0.8 kcal/mol) even though this is a much stronger C−H bond. This is consistent with the small variation of activation energy for H-atom abstraction by the hydroxyl radical from methane and halomethanes which have large variations of C−H bond strength. 49, 50 In conclusion, the reactivity of HS Fe III −OOH is dependent on substrate ionization potential and C−H bond strength. In contrast, the reactivity of LS Fe III −OOH is independent of substrate ionization potential and only slightly dependent on substrate C−H bond strength.
CONCLUSION LS Fe
III −OOH complexes should be more reactive toward substrates with strong C−H bonds as in ABLM, whereas HS Fe III −OOH complexes should be more reactive toward substrates with low ionization potentials and weak C−H bonds. The higher reduction potentials of the HS Fe III −OOH complexes also allow these to be active in electrophilic reactions without the requirement of O−O cleavage. This is important for the reaction coordinate in Rieske dioxygenases, which catalyze cis-dihydroxylation of a wide range of aromatic compounds. As mentioned in the Introduction, a HS Fe III − OOH intermediate is believed to be involved in the catalytic cycles of these enzymes. The open question is whether this intermediate is able to directly carry out cis-dihydroxylation with aromatic substrates or whether the O−O bond first cleaves to generate a high-valent HO
• −Fe IV O or HO−Fe V O species for the cis-dihydroxylation. 10,20−22 While the former mechanism has been favored by calculations, 51 the latter mechanism has been favored based on a small amount of 18 O incorporation into product from solvent. 52 This study suggests that the former reaction coordinate is a plausible mechanism.
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